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A cost-effective and high-throughput material named perovskite has proven to be capable of converting 15.9%
of the solar energy to electricity, compared to an efficiency of 3.8% that was obtained only four years ago. It has
already outperformedmost of the thin-film solar cell technologies that researchers have been studying for decades.
Currently, the architecture of perovskite solar cells has been simplified from the traditional dye-sensitized
solar cells to planar-heterojunction solar cells. Recently, the performance of perovskite in solar cells has attracted
intensive attention and studies. Foreseeably, many transformative steps will be put forward over the coming
few years. In this review, we summarize the recent exciting development in perovskite solar cells, and discuss
the fundamental mechanisms of perovskite materials in solar cells and their structural evolution. In addition,
future directions and prospects are proposed toward high-efficiency perovskite solar cells for practical
applications. © 2014 Chinese Laser Press
OCIS codes: (040.5350) Photovoltaic; (250.0250) Optoelectronics; (310.0310) Thin films.
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1. INTRODUCTION
Global energy consumption has been continually increasing
with population growth and fast-paced industrial development
in recent decades, which demands renewable energy sources
in view of long-term sustainable development. Generating
cost-effective and environmentally benign renewable energy
remains a major challenge for both technological and scien-
tific development [1,2]. Solar cells based on the photovoltaic
effect with the advantages of decentralization and sustainabil-
ity have attracted great attention in the past 50 years.
Currently, the photovoltaics market is dominated by crystal-
line silicon-based solar cells with a share of 89% [3]; however,
they suffer from low cost effectiveness, and they also have the
longest energy payback time of commercial photovoltaic
technologies [4]. An emerging class of thin-film devices based
on amorphous silicon, CuIn;GaSe2−xSx, or CdTe, is begin-
ning to penetrate the market, which makes its headway in
terms of processing costs per unit area [5–7]. However, the
manufacture of inorganic thin-film solar cells requires high
vacuum and high temperature-based techniques [8]. In
addition, thin films containing low abundance and toxic
elements limit their large-scale production and widespread
application [9].
Since their breakthrough in 1991 [10], dye-sensitized solar
cells (DSSCs) have attracted considerable attention because
of their potential application in low-cost solar energy conver-
sion [11–22]. As a consequence of the significant efforts in
DSSC-related research, a high efficiency exceeding 12% was
obtained by using a 10 μm mesoporous TiO2 film sensitized
with organic dye and cobalt redox electrolyte [23]. Meanwhile,
solid-state DSSCs have also been investigated, where the
liquid electrolyte was replaced by solid hole-transporting
materials [e.g., 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenyl-
amine)-9,9’spirobifluorene (spiro-MeOTAD), poly(3-hexylth-
iophene) (P3HT), polyaniline, and polypyrrole] in order to
both simplify solar cell production and increase the open-
circuit voltage and stability of solar cells [24–28]. However,
solid-state DSSCs suffer from faster electron recombination
dynamics between electrons in the TiO2 and holes in the solid
hole transporter [29], which results in the low efficiency of
solid-state DSSCs.
Recently, the perovskite sensitizer ABX3 (A  CH3NH3,
B  Pb, Sn, and X  Cl, Br, I) has attracted great attention
due to its superb light-harvesting characteristics [30–60].
Moreover, perovskite is composed of inexpensive and earth
abundant materials. It is processable at low temperature
preferably via the printing techniques. In addition, it generates
charges freely in the bulk material after light absorption,
which enables low energy-loss charge generation and
collection [61–63].
Within a short period from August 2012 to December 2013,
the power conversion efficiency (PCE) of perovskite-based
solar cells was significantly improved from 7.2% to 15.9%;
the high photo conversion efficiencies of these systems are
associated with the comparable optical absorption length
and charge-carrier diffusion lengths, transcending the tradi-
tional constraints of solution-processed semiconductors
[30–60,64], and outperforming most other third-generation
thin-film solar cell technologies that have been studied for
decades (Fig. 1). This perovskite technology is now compat-
ible with the first- and second-generation technologies, and is
hence likely to be adopted by the conventional photovoltaics
community and industry. Therefore, it may find its way rapidly
into utility-scale power generation if some challenging issues,
for example, stability concerns of perovskite photovoltaics,
are to be solved effectively [65].
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While perovskite-based solar cells have been widely stud-
ied, there are rare reviews and/or perspective literature pub-
lished on systematically summarizing the mechanisms for
unexpected breakthroughs and rapid evolution in the field
of perovskite photovoltaics [66–69]. Herein, we review the re-
cent impressive developments and discuss the properties and
working mechanisms of perovskite materials in solar cells.
Finally, the prognosis for future progress in exploiting perov-
skite solar cells is addressed toward high efficiency for
applications.
2. MATERIALS, STRUCTURE, AND
PROPERTIES OF PEROVSKITE
The basic building block of perovskite is the ABX3 perovskite
structure (Fig. 2). This simple structure consists of a 3D net-
work corner-sharing BX6 octahedra, where the A (e.g.,
A  Cs, CH3NH3, NH2CH  NH2) cations are located in the
larger 12-fold coordinated hales between the octahedron
(Fig. 2) [70]. It is typically composed of a metal cation
(M  Sn, Pb, Ge, Cu) and its ligantanions (X  O2−, Cl−,
Br−, I−, or S2−). In the case of inorganic perovskite com-
pounds, the structures can be distorted as a result of the
cation displacements, which give rise to the useful properties
of ferroelectricity and antiferroelectricity of many perovskite
systems due to the stereo chemically active pairs of A
cations [71].
In this review, we focus our insight into organic–inorganic
hybrid perovskite compounds, which are the most used pho-
toabsorbers in perovskite solar cells. In organic–inorganic
hybrid perovskite compounds, the advantages of inorganic
components, including the thermal stability and the high de-
gree of the structural order, can be well combined with the
interesting characteristics of organic materials, such as the
functional versatility, mechanical flexibility, and low-cost
processability [72–74]. Organic molecules or polymers and in-
organic perovskite can be bundled by different types of bonds.
There are numerous reported compounds with covalent bond-
ing between organic and inorganic units [75]. This class of ex-
tended organometallic and other covalently interacting
compounds, generally containing simple organic radicals, is
somewhat limited. The degree of interaction between organic
and inorganic species in the Van der Waals interacting sys-
tems is relatively small. Obviously the choice of the organic
cations is limited because of the restricted dimension of
the cuboctahedral hole formed by the 12 nearest-neighbor
X atoms. In fact, the compounds CH3NH3MX3, with
M  Sn, Pb and X  Cl, Br, and I, have been successfully syn-
thesized [76–81]. Each of these systems has a cubic structure
at the highest temperature phase. At high temperature the
organic cation shows orientational disorder. At lower temper-
ature the cubic phase results in a structural transition due to a
tolerance factor smaller than unity. In fact, upon cooling, the
structure distorts to lower its symmetry since the motion of
the methylammonium cation has more restrictions [82].
Meanwhile, the possibility of merging the properties of
typical inorganic crystals with those of molecular organic
solids has stimulated intensive research into the versatile
properties in the last 15 years. For example, a homologous
series of C4H9NH32CH3NH3n−1SnnI3n1 compounds under-
goes a semiconducting (n < 3)-to-metallic (n > 5) transition
with increasing n. Its end member (n  ∞), cubic perovskite
CH3NH3SnI3 compound, is claimed to be a low-carrier-density
p-type metal [83,84]. Theoretical calculations on perovskite
suggested that their electronic properties strongly depend
on the structure of the inorganic cage and the formation of
the perovskite octahedral network [70]. Varying the organic
and inorganic components and the stoichiometric ratio be-
tween them, it is possible to modulate the system dimension-
ality and electronic, magnetic, and optical properties.
Moreover, the presence of weak bonds in the perovskite struc-
tures guarantees flexibility and malleability that could allow
the deposition of thin films on flexible substrates [60,85].
3. PEROVSKITE-BASED SOLAR CELLS
A. Evolution of Perovskite Solar Cells
As mentioned previously, perovskite-based hybrid halide
materials are not new materials, and have been extensively
studied because of their useful physical properties, including
enhanced exciton binding energies, nonlinear optical proper-
ties, electroluminescence, organic-like mobility, magnetic
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Fig. 1. Efficiency evolution of different thin-film photovoltaic
technologies.
Fig. 2. Unit cell of basic ABX3 perovskite structure. The BX6 corner-sharing octahedra are evidenced. Adapted with permission from Ref. [70].
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properties, and conductivity [86–91]. However, perovskite
absorbers have emerged into the field of DSSCs since 2009.
The first perovskite-sensitized TiO2 solar cell used liquid elec-
trolytes based on iodide and bromide. The corresponding de-
vices gave PCEs of 3.8% and 3.1%, respectively [30]. In studies
of durability, continuous irradiation caused a photocurrent
decay for an open cell exposed to air. Later, in 2011, the titania
surface and perovskite processing were optimized, which
gave a PCE of 6.5% with the CH3NH3PbI3-based iodide liquid
electrolyte solar cell. Again, as was mentioned, the perovskite
nanocrystals dissolved/decomposed in the iodide liquid
electrolyte, and the solar cell rapidly degraded within a few
minutes. In 2012, the liquid electrolyte in a perovskite contain-
ing cell was replaced with a solid version, and a PCE of 9.7%
was achieved [31]. In 2013, a sequential deposition method for
the formation of the perovskite pigment within the porous
metal oxide film was developed. The technique for the fabri-
cation of solid-state mesoscopic solar cells greatly increased
the reproducibility of cell performance and allowed a high
PCE of 15%. Meanwhile, a simple planar-heterojunction
(p-i-n) solar cell incorporating vapor-deposited perovskite
as the absorbing layer has been developed, and demonstrated
a solar-to-electrical PCE of 15.4% [32]. At the end of 2013, the
architectures of the meso-superstructured solar cell (MSSC)
were optimized, and a PCE of up to 15.9% (short-circuit
current density Jsc  21.5 mA∕cm2, open-circuit voltage
Voc  1.02 V, and fill factor FF  0.71) in an all low temper-
ature processed solar cell was achieved, which was the high-
est reported efficiency amongst perovskite-based solar cells
through the end of 2013 [33]. Table 1 gives a comprehensive
summary of the device evolution and performance of perov-
skite solar cells, including the perovskite materials, deposition
methods, photoanodes, active areas, hole-transport materials
(HTM), and PCE.
B. Photoanodes
Figure 3 displays the architecture schematics of three types of
photoanodes in perovskite solar cells. Like the architecture of
DSSCs, mesoporous metal oxide films [Fig. 3(a)] are usually
adopted as the working electrodes in the novel construction
of perovskite-based solar cells [30,31,39,40,45]. It was noticed
that the charge extraction rates were significantly faster for
the perovskite-sensitized cells in comparison to the conven-
tional DSSCs during the investigation of the charge-transport
properties of perovskite-sensitized solar cells [62]. Inspired by
this novel behavior, solar cells with new architectures in
Table 1. Summary of the Device Evolution and Performance of Perovskite Solar Cells
Perovskite Materials Photoanode Deposition Method HTM Area (cm2) PCE Year
CH3NH3PbI3∕CH3NH3PbBr3 [30] TiO2 (mesoporous) Dropping I−∕I−3 0.238 3.81% 2009
CH3NH3PbI3 [34] TiO2 (mesoporous) Spin coating I−∕I−3 0.303 6.54% 2011
CH3NH3PbI2Cl [35] TiO2∕Al2O3 (meso-superstructure) Spin coating Spiro-OMeTAD 0.090 10.9% 2012
CH3NH3PbI3 [36] TiO2 (mesoporous) Spin coating No 0.120 7.3% 2012
CH3NH3PbI3 [31] TiO2 (mesoporous) Spin coating Spiro-OMeTAD 0.207 9.7% 2012
BaSnO3  N719 [37] BaSnO3 Doctor-blade I−∕I−3 0.160 6.2% 2013
CH3NH3PbBr3 [38] TiO2∕Al2O3 (meso-superstructure) Spin coating P3HT/PDI/TPD/PCBM 0.030 0.72% 2013
CH3NH3PbI1−xBrx3 [39] TiO2 (mesoporous) Spin coating PTAA 0.096 12.3% 2013
CH3NH3PbI3 [40] TiO2 (mesoporous) Spin coating Spiro-OMeTAD/P3HT/DEH 0.200 8.5% 2013
CsSnI3−xFx  N719 [41] TiO2 (nanoporous) Injecting CsSnI3−xFx 0.326 10.2% 2012
CH3NH3PbI3 [42] TiO2 (nanorods) Spin coating Spiro-OMeTAD 0.215 9.4% 2013
CH3NH3PbI3−xClx [43] TiO2  C60SAM (mesoporous) Spin coating Spiro-OMeTAD/P3HT 0.090 11.7% 2013
CH3NH3PbI3−xClx [44] TiO2  Al2O3 (meso-
superstructure)
Spin coating Spiro-OMeTAD 0.090 12.3% 2013
CH3NH3PbI3 [45] TiO2 (mesoporous) Spin coating + dipping Spiro-OMeTAD 0.285 15% 2013
CH3NH3PbI3−xClx  Au@SiO2
[46]
TiO2  Al2O3 (meso-
superstructure)
Spin coating Spiro-OMeTAD 0.080 11.4% 2013
CH3NH3PbI3−xClx [47] TiO2  Al2O3 (meso-
superstructure)
Spin coating PIL-doping Spiro-OMeTAD 0.080 11.87%2013
CH3NH3PbI3−xClx [48] TiO2 (planar thin film) Spin coating Spiro-OMeTAD 0.090 11.4% 2013
CH3NH3PbI3 [49] TiO2  ZrO2 (mesoporous) Spin coating + dipping Spiro-OMeTAD 0.200 10.8% 2013
CH3NH3PbI2Br [50] TiO2 Nanowires Spin coating Spiro-OMeTAD 0.196 4.87% 2013
CH3NH3PbI3 [51] ZnO nanowires Spin coating Spiro-OMeTAD 0.200 5.0% 2013
CH3NH3PbI3−xClx [32] TiO2 (planar thin film) Vapor Spiro-OMeTAD 0.076 15.4% 2013
CH3NH3PbI3 [52] TiO2 (mesoporous) Spin coating CuI 0.090 6.0% 2013
CH3NH3PbI3 [53] TiO2  ZrO2 (mesoporous) Spin coating Py-A/Py-B/Py-C/Spiro-
OMeTAD
0.160 12.7% 2013
HCNH22PbI3 [54] TiO2 (mesoporous) Spin coating + dipping Spiro-OMeTAD 0.200 4.3% 2014
CH3NH3PbI2Cl [55] TiO2 (planar thin film) Spin coating P3HT 0.050 10.8% 2014
CH3NH3PbI3−xClx [56] graphene- TiO2  Al2O3
(meso-superstructure)
Spin coating Spiro-OMeTAD 0.063 15.6% 2014
CH3NH3PbI3 [57] TiO2 (planar thin film) Spin coating + vapor Spiro-OMeTAD 0.120 12.1% 2014
CH3NH3PbI3 [58] ZnO (planar thin film) Spin coating + dipping Spiro-OMeTAD 0.071 15.7% 2014
CH3NH3PbI3−xClx [33] TiO2  Al2O3 (meso-
superstructure)
Spin coating Spiro-OMeTAD 0.063 15.9% 2014
HCNH22PbIyBr3−y [59] TiO2 (planar thin film) Spin coating Spiro-OMeTAD 0.063 14.2% 2014
CH3NH3PbI3−xClx [60] PEDOT:PSS Spin coating PCBM 0.100 11.5% 2014
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which the mesoporous TiO2 was replaced by the insulating
mesoporous Al2O3 with a similar meso-morphology were de-
veloped. The primary intention was to study and elucidate
whether electron transport occurred through the perovskite
phase and whether mesoporous TiO2 was required at all
[35]. Intriguingly, the PCE of such a MSSC unexpectedly
reached 10.9% with a high Voc of 0.98 V (∼0.2–0.3 V higher
compared to the mesoporous TiO2), which gives great prom-
ise for significant future increases in efficiency. It also sug-
gests the original components of the DSSCs no longer
remain. Very recently, the PCE of MSSC based on perovskite
has been further improved up to 15.9% [33].
As addressed previously, mesoporous metal oxide films
have been widely adopted as the working electrodes in the
novel construction of perovskite-based solar cells. However,
the difficulty in pore filling has been a persistent issue in such
nanoparticulate films because of their labyrinthine maze
structure [92]. In this scenario, a vertically aligned nanowire
(NW)/nanotube (NT) structure [Fig. 3(b)] may be another
alternative candidate for pore filling of the solid hole-
transporting materials because of its open porous structure
[93–99]. Moreover, vertically aligned NWs/NTs were reported
to be better in electron transportation and recombination
behaviors than nanoparticulate films in liquid-based DSSCs
[100]. Such special structures can effectively improve the
charge transport and decrease the electron recombination
in solar cells. Apart from the advantages mentioned above,
the NWs/NTs form an advantageous framework structure
for solar cells with hole conductors presenting faster recom-
bination [24,101]. Considering the excellent absorption propri-
eties of perovskite, a possible decrease of the total surface
area of the NWs/NTs compared to the nanoparticles may
not provoke a significant deterioration of the photocurrent.
In contrast, better distribution of the materials in the semicon-
ductor structure can play a determining role in the enhance-
ment of the photo-charge generation. ZnO NW arrays have
been employed as photoanodes in perovskite solar cells
[51]. It was demonstrated that ZnO NWs offer a fast electron
transport pathway and the electron transportation time in the
ZnO nanorods was slightly shorter than in mesoporous TiO2
films with a similar thickness. The optimized solar cell exhib-
ited an efficiency of 5.0%. TiO2 NWs have also been used as
photoanodes in perovskite solar cells [42,50]. Infiltration of
perovskite-adsorbed submicrometer-thick rutile TiO2 NWs
with spiro-MeOTAD yielded a strikingly high PCE of 9.4%.
Since comparative studies on photovoltaic behavior and per-
formance between anatase and rutile TiO2 NWs are expected
to provide more advanced information, attempts to fabricate
and study solid-state perovskite-sensitized solar cells based
on well-defined anatase TiO2 NWs are underway [42].
All of the work has demonstrated that perovskite semicon-
ductors can exhibit sufficiently good ambipolar charge trans-
port and the principal roles of photovoltaic operation
including light absorption, charge generation, and transport
of both electrons and holes. Moreover, the perovskite
absorber is capable of operating in a much simpler planar ar-
chitecture. As an ultimate demonstration of ambipolar trans-
port, p-i-n perovskite solar cells with an extremely high
efficiency over 15% are constructed, which experimentally
suggest that nanostructuring is not necessary to achieve high
efficiencies with perovskite [32]. Simplified perovskite solar
cells with a planar thin-film “p-i-n” architecture have been
demonstrated, as shown in Fig. 3(c). TiO2 and ZnO p-i-n struc-
tures were employed to obtain PCEs of 12.1% and 15.7%, re-
spectively [57,58]. But it remains challenging to determine
whether meso-structure is essential for the highest efficien-
cies, or whether the thin-film p-i-n can lead to a superior
technology.
C. Perovskite Thin Films
Recently, methylammonium lead halide (CH3NH3PbX3,
X  halogen) and its mixed-halide crystals, corresponding
to the 3D perovskite structures, have been used as light har-
vesters for solar cells [42,45,49,52,53,57,58]. Bandgap tuning
of MAPbX3 has been achieved via the substitution of I with
Cl/Br ions, which arises from a strong dependence of elec-
tronic energies on the effective exciton mass [102]. The opti-
cal absorption can be controllably tuned by bandgap
engineering to cover almost the entire visible spectrum. Mean-
while, the incorporation of Cl/Br into an iodide-based
structure dramatically improves the charge transport and
the separation kinetics within the perovskite layer [103]. As
a result of the tunable composition of the light harvester in
conjunction with a mesoporous TiO2 film and a hole-
conducting polymer, MAPbI1−xBrx3 and MAPbI1−xClx3
were experimentally demonstrated to improve the efficiency
and the relative stability of perovskite solar cells
[32,33,39,43,44,47,48,56]. It was found that an increase in
Fig. 3. Architecture schematics of three types of photoanodes in perovskite solar cells: (a) mesoporous TiO2∕Al2O3∕ZrO2, (b) TiO2∕ZnO NWs, and
(c) without the scaffold layer.
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the cation size of perovskite materials resulted in a reduction
in the bandgap. A tunable bandgap between 1.48 and 2.23 eV
can be obtained (Fig. 4) by replacing the methylammonium
cation in perovskite with a slightly larger formamidinium cat-
ion [59]. Importantly, the reduced bandgap led to high short-
circuit currents of >23 mA cm−2 and PCE of up to 14.2%,
which is the highest efficiency yet for solution-processed
p-i-n perovskite solar cells.
As far as the preparation methods of perovskite thin films
are concerned, solution-based techniques have been proposed
to fabricate thin films, in which a mixture of two precursors is
used to form the final absorber [30,31,34–36]. Due to the lack
of suitable solvents that can dissolve both components, and
the high reaction rate of the perovskite component, this proc-
ess often results in thin films with pinhole formation and in-
complete surface coverage, which deteriorates the film quality
and hampers the device performance.
To this end, a two-step deposition technique was created to
prepare hybrid perovskite [104]. First, a layer of metal halide,
PbI2, was deposited using the spin-coating method, followed
by dipping the film into an organic salt solution. The two-step
deposition technique is expected to be particularly useful for
preparing films of organic–inorganic systems, in which the or-
ganic and inorganic components have incompatible solubility
characteristics, or for systems in which the organic compo-
nent is difficult to evaporate. Later on, this technique was used
for the fabrication of solid-state mesoscopic solar cells, which
greatly increased the reproducibility of the cell performance
and allowed a PEC above 15% [45]. It should be noted that this
method has been largely successful in films with nanostruc-
tured TiO2 scaffolds, but is seldom reported to be applicable
for fabricating p-i-ns. Moreover, the two-step process also
often results in films with significantly large surface rough-
ness that were frequently peeled off from the substrate
[77,104]. Very recently, the two-step deposition technique
was modified. A low-temperature vapor-assisted solution
process was demonstrated to construct polycrystalline perov-
skite thin films with full surface coverage, small surface
roughness, and grain size up to microscale. In particular,
the key step is the film growth via in situ reaction of the
as-deposited film of PbI2 with CH3NH3I vapor. It takes
advantage of the kinetic reactivity of CH3NH3I and the
thermodynamic stability of perovskite during the in situ
growth process and provides films with a well-defined grain
structure and grain sizes up to microscale, full surface cover-
age, and small surface roughness. Devices based on the planar
CH3NH3PbI3 thin film via the modified two-step deposition
technique achieved a best PCE of 12.1% [57].
Apart from the techniques addressed previously, vacuum
evaporation is considered as a high-performance technique
to grow oriented thin films of layered perovskite with a pre-
cise control of the film properties [32]. Dual-source vapor-
deposited organometal trihalide perovskite solar cells based
on a p-i-n thin-film architecture were developed that present
a PEC over 15% with a Voc of 1.07 V (Fig. 5). However, the
deposition with the vacuum evaporation method might be
disadvantageous for low-cost solar cell manufacturing.
D. Hole Conductor Materials
The trade-off between the series and shunt resistance in
perovskite solar cells was controlled somehow by the perfor-
mance of perovskite and/or HTM. It is well known that perov-
skite is highly conductive, on the order of 10−3 S cm−3, which
requires a thick layer of HTM to avoid pinholes. Even the
widely used HTMs, for example, spiro-OMeTAD, are less con-
ductive (∼10−5 S cm−1). Its thicker capping layer results in
high series resistance [36]. It is indisputable that the HTMs
play an important role in perovskite solar cells. These perov-
skite solar cells typically employ a wide variety of organic
polymer hole conductors. One of the most notable hole-
conducting polymers is spiro-OMeTAD [24]. So far, most of
the record-holding perovskite solar cells use spiro-OMeTAD
as the HTMs as shown in Table 1. Furthermore, the use of
protic ionic liquids (PILs) as effective p-dopants in hybrid
solar cells based on triarylamine hole-transporting materials
has been demonstrated. The results showed improved PCE
by replacing the lithium salts, typical p-dopants for spiro-
OMeTAD, with PILs [47]. Photovoltage–photocurrent decay
and photo-induced absorption established that the signifi-
cantly improved device performance was attributed to re-
duced charge transport resistance in the hole-transporting
matrix potentiated by PIL doping. Additionally, the depend-
ence of spiro-OMeTAD, P3HT, and 4-(diethylamino)-benzalde-
hydediphenylhydrazone (DEH) as HTMs on the performance
Fig. 4. (a) UV-Vis absorbance of the FAPbIyBr3−y perovskite with varying y, measured in an integrating sphere. (b) Corresponding steady-state
photoluminescence spectra for the same films. (c) Photographs of the FAPbIyBr3−y perovskite films with y increasing from 0 to 1 (left to right).
Adapted with permission from Ref. [59].
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of perovskite solar cells was studied [40]. The results sug-
gested that the recombination of the separated charges in
the device using spiro-OMeTAD HTM was more than 10 times
slower compared to that in the device with P3HT, and more
than 100 times slower than that in the device with DEH HTM.
Recently, a set of three N,N-di-p-methoxyphenylamine-substi-
tuted pyrene derivatives has been successfully synthesized
and characterized. The pyrene-based derivative Py-C exhib-
ited an overall PCE of 12.7% [53]. The performance is compa-
rable to that of the well-studied spiro-OMeTAD, even though
the Voc is slightly lower. On the other hand, PEDOT:PSS was
also employed as an HTM (substrate/ITO/PEDOT: PSS∕
CH3NH3PbI3−xClx∕PCBM∕Al, where PEDOT:PSS and PCBM
are used as hole and electron transport layers, respectively).
Such architecture allowed the fabrication of a flexible perov-
skite solar cell with a PCE of 9.2% by replacing the rigid glass/
ITO substrate with a flexible PET/ITO substrate (Fig. 6) [60].
However, the widely used organic hole conductors includ-
ing spiro-OMeTAD and P3HT may represent a potential
hurdle to the future commercialization of this type of solar
cell because of their relatively high cost. To this end, a
CH3NH3PbI3 perovskite-sensitized solar cell utilizing an in-
expensive, stable, solution-processable inorganic CuI as the
hole conductor has been demonstrated [52]. It was also dem-
onstrated that the solution-processable p-type direct bandgap
semiconductor CsSnI3 with perovskite structure can also be
used for hole conduction replacing a liquid electrolyte [41].
The resulting solid-state DSSCs consist of CsSnI2.95F0.05 dope
Fig. 5. Cross-sectional SEM images under lower magnification of completed solar cells constructed from (a) vapor-deposited perovskite film and
(b) solution-processed perovskite film. (c) Schematic of dual-source thermal evaporation system for depositing the perovskite absorbers; the
organic source was methylammonium iodide, and the inorganic source was PbCl2. (d) Current-density/voltage curves of the best-performing sol-
ution-processed (blue lines, triangles) and vapor-deposited (red lines, circles) p-i-n perovskite solar cells measured under simulated AM1.5 sunlight
of 101 mWcm−2 irradiance (solid lines) and in the dark (dashed lines). Adapted with permission from Ref. [32].
Fig. 6. (a) Photo image of flexible perovskite solar cells on the PET/ITO substrate and (b) device performance of the perovskite solar cells on the
PET/ITO flexible substrate before and after bending. Adapted with permission from Ref. [60].
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casted with SnF2, nanoporous TiO2, and the N719 dye, and
show conversion efficiencies of up to 10.2%.
It is worth noting that the perovskite materials simultane-
ously play the roles of light harvesters and hole conductors,
rendering superfluous the use of an additional HTM. Recently,
a hole-conductor-free mesoscopic CH3NH3PbI3 perovskite∕
TiO2 heterojunction solar cell was reported, which showed
the photovoltaic performance with Jsc  16.1 mA∕cm2,
Voc  0.631 V, and a FF  0.57, corresponding to a PCE of
5.5% [36]. However, the photovoltaic performance is still
inferior to that with the HTM.
E. Charge-Carrier Mobility, Lifetime, and Diffusion
Lengths in Perovskite Materials
Despite the rapid improvement in efficiency associated with
the evolution of solution/vapor-processed perovskite solar
cells, most of the fundamental questions concerning the photo
physics remain unanswered. One of the most critical ques-
tions is what the exciton or the electron and hole diffusion
lengths are in these materials. Concrete evidence of balanced
long-range electron-hole diffusion lengths of at least 100 nm in
solution-processed CH3NH3PbI3 was obtained by applying
femtosecond transient optical spectroscopy to bilayers that
interface this perovskite with either selective-electron or
selective-hole extraction materials [61]. It is demonstrated
that the high photo conversion efficiencies of these systems
stem from the comparable optical absorption length and
charge-carrier diffusion lengths, transcending the traditional
constraints of solution-processed semiconductors. In the
meantime, photoluminescence quenching measurements
were performed in order to extract the electron-hole diffusion
lengths in triiodide (CH3NH3PbI3) and mixed-halide
(CH3NH3PbI3−xClx) perovskite thin films (Fig. 7) [62]. It is
found that both electron and hole diffusion lengths are
>1 μm for the mixed-halide perovskite—a factor of ∼5 to
10 greater than the absorption depth. In comparison, the dif-
fusion lengths in the triiodide perovskite are only on the order
of or slightly shorter than the absorption depth (∼100 nm).
The larger diffusion length in the mixed-halide perovskite re-
sults from a much longer recombination lifetime and is con-
sistent with the far superior performance in MSSCs and p-i-n
solar cells. However, the mechanism causing such an ex-
tended diffusion length remains unclear. Long charge-carrier
diffusion distances require both low recombination rates
and/or high charge mobility. Satisfying both requirements
simultaneously is generally difficult given the fundamental
Langevin limit for kinetic recombination, which typically
holds for conductors with charge mobilities below the order
of 1–10 cm2 V−1 s−1 [105]. By using transient terahertz spec-
troscopy, it has been found that bimolecular recombination
rates are abnormally low in perovskite materials, defying
the Langevin limit by at least four orders of magnitude.
Meanwhile, lower bounds were also established for the
high-frequency charge mobilities of 11.6 cm2 V−1 s−1 for
CH3NH3PbI3−xClx and 8 cm2 V−1 s−1 for CH3NH3PbI3, which
were remarkably high for solution-processed materials [63].
The combination of high charge mobility and low bimolecular
recombination leads to carrier diffusion lengths that exceed
1 μm and are significantly longer for the mixed-halide system.
Still, there remain many open questions for the community
concerning the nature of the excited state, the relative fraction
of free and bound charge pairs at room temperature, and the
interplay between the two species [62].
4. CONCLUSIONS AND FUTURE OUTLOOK
In summary, organic–inorganic hybrid halide perovskite solar
cells exhibit impressive competitiveness with other photovol-
taic techniques due to their unique advantages: (i) low-cost,
earth abundance, and easy preparation; (ii) near-perfect crys-
tallinity at low temperature; (iii) large charge-carrier diffusion
length of approximately 1 μm for mixed-halide perovskite
(CH3NH3PbI3−xClx) thin films, which is 100 times higher that
the other low-temperature solution-processed thin films [62];
and (iv) lower value of “loss-in-potential” in a solar cell, which
allows the Voc of the best perovskite cells to be greater than
1.1 V [106]. The value is much higher than the traditional
DSSCs, organic solar cells (0.7–0.8 eV), and CdTe (0.59 eV).
It can even compete with crystal silicon solar cells
(1.1 eV). (v) Its bandgap can be tuned in the range of 1.48–
2.23 eV by replacing the methylammonium cation with the
slightly larger formamidinium cation [59] and/or part substitu-
tion of I with Br/Cl ions [39,43,44,47,48]. (vi) Perovskite
materials are better than silicon at absorbing higher-energy
blue and green photons [65].
Meanwhile, perovskite materials also have some ineluc-
table disadvantages: (i) perovskite materials are extremely
sensitive to oxygen and water vapor, which reacts to break
down the crystal structure and dissolves the saltlike perov-
skite, respectively. The preparation of perovskite thin films
should be performed in inert atmosphere. (ii) It is challenging
Fig. 7. Time-resolved PL measurements taken at the peak emission wavelength of (a) mixed-halide perovskite and (b) triiodide perovskite with an
electron (PCBM, blue triangles) or hole (spiro-OMeTAD, red circles) quencher layer, along with stretched exponential fits to the PMMA data (black
squares) and fits to the quenching samples by using the diffusion model described in the text. A pulsed (0.3 to 10 MHz) excitation source at 507 nm
with a fluence of 30 nJ∕cm2 impinged on the glass substrate side. (Inset) Comparison of the PL decay of the two perovskites (with PMMA) on a
longer time scale, with lifetimes τe quoted as the time taken to reach 1∕e of the initial intensity. Adapted with permission from Ref. [62].
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to prepare large continuous films, which limits it for large-
scale production. (iii) The lead in the most-used perovskite
solar cells is toxic and could leach out of the solar panel onto
rooftops or the soil below. (iv) Since there is a phase transi-
tion from tetragonal to cubic at 55°C, the longer-term stability
of perovskite solar cells has not been verified. There are a few
studies on storage lifetime but only limited on an operating
cell (under illumination at the maximum power) for a sealed
cell at 45°C [45]. The study showed a decrease in efficiency of
less than 20% after 500 h.
In view of the advantages and disadvantages addressed
above, some new strategies can be forwarded to further im-
prove the efficiency of perovskite solar cells: (i) the broad
family and the tunable bandgap of perovskite materials, in ad-
dition to quantum confinement in layered perovskite, allow
absorption toward 940 nm, which would significantly enhance
the efficiency; (ii) employing higher-mobility and lower-cost
hole transporters would improve the FF and decrease the
cost. Additionally, improving the quality of the contact layers
by advanced deposition techniques (e.g., spray deposition,
thermal evaporation) among the photoanode, perovskite,
and hole transporters may also lead to enhanced FF. (iii)
Considering that the current system employing perovskite
matches well with crystalline silicon and other thin-film
technologies such as CIGS and CZTSSe, a tandem solar cell
combining the perovskite solar cell with a crystalline silicon
cell/CIGS/CZTSSe would further improve the efficiency. An
efficiency up to 29.6% is predicated [67].
Needless to say, the development of higher-efficiency solar
cells will not only have a profound economic impact, but it
will also represent significant social and environmental ben-
efits. The perovskite technology would allow the mass pro-
duction of solar cells with high efficiency and at relatively
low temperatures, which would account for a substantial re-
duction of cost. In the meantime, the technology can lead to
high-throughput device fabrication due to the simple deposi-
tion process required. Furthermore, flexible substrates could
be used, which would allow an easier handling, transporta-
tion, installation, and building integration of these new photo-
voltaic devices. We believe that this new class of MSSCs
and/or p-i-n perovskite solar cells will find widespread
applications and will eventually lead to devices that rival
conventional silicon-based photovoltaics.
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